Aims/hypothesis The discordance status of (autoimmune) type 1 diabetes within monozygotic twin pairs points to the importance of environmental factors. The aim of this study was to investigate whether the environmental events causing type 1 diabetes influence thyroid autoimmunity. Methods Monozygotic and dizygotic twins discordant for type 1 diabetes from the UK and USA were tested for thyroid peroxidase autoantibodies (TPOA) by radioimmunoassay. Using quantitative genetic model fitting of a liability-threshold model we estimated the contribution of genetic (heritability) and environmental factors to TPOA. Results TPOA positivity was higher in females than in males in both cohorts and was associated with later age at diagnosis in the UK and combined cohorts (p<0.01). TPOA did not specifically segregate with type 1 diabetes in the twin pairs (p>0.2 in all groups). The best-fitting models showed heritability (95% CI) estimates for TPOA of 63% (37%, 80%) for the UK and 80% (51%, 92%) for US twins, while the bestfitting meta-analysis model of the two twin cohorts combined included additive genetic and unique environmental factors with a heritability estimate of 69% (50%, 82%). Conclusions/interpretation Risk of thyroid autoimmunity, defined by TPOA, in the context of autoimmune diabetes is, substantially, genetically determined in discordant twin pairs. Environmental factors leading to type 1 diabetes were not the same as those involved with thyroid autoimmunity. It follows that it is as important to investigate for thyroid autoimmunity in relatives of type 1 diabetes patients as it is in the patients themselves. 
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Introduction
Autoimmune diseases result from the interaction of genetic and non-genetic (probably environmental) factors. These diseases affect about 10% of the population and are characterised immunogenetically by the presence of disease-associated autoantibodies and an association with Class I and Class II HLA genotypes [1] . Type 1 diabetes is one such disease associated with the presence of diabetes-associated autoantibodies (DAA) including insulin autoantibodies (IAA), glutamic acid decarboxylase autoantibodies (GADA), insulinomaassociated antigen-2 autoantibodies (IA-2A) and zinc transporter 8 autoantibodies (ZnT8A) [2] . Type 1 diabetes is associated with other autoimmune diseases, including Hashimoto's thyroiditis, characterised by thyroid peroxidase autoantibodies (TPOA) [3] . Both type 1 diabetes and Hashimoto's thyroiditis are, in part, determined by nongenetic factors as exemplified by a notable discordance for each disease between identical twin pairs [4] .
We previously showed that the DAA are determined by unique environmental events in twins discordant for type 1 diabetes [5] . Data from birth cohorts from families with type 1 diabetes suggest the appearance of TPOA has a later peak incidence, distinct from that associated with DAA (peak age 12-16 vs 0.75-2 years, respectively) [6] . Nevertheless, Bonifacio et al observed that these children at risk for type 1 diabetes frequently show TPOA (cumulative risk 20.3% by age of 14) [7] . Thyroid autoimmunity may be present at diagnosis of type 1 diabetes, reaching a peak at puberty, or it can be detected several years after diagnosis of type 1 diabetes (15%-30% in adults) [8] . These differences imply distinct environmental events inducing DAA and TPOA. However, it is unknown whether the early environmental triggers leading to DAA might also increase the risk for TPOA development, for example through environmentally induced epigenetic changes.
The objective of the current study was to determine if such stochastic (environmental) events are associated with a heightened susceptibility to develop thyroid autoimmunity. We therefore assessed in two twin cohorts discordant for type 1 diabetes from the UK and the USA whether TPOA status is largely determined by unique environmental factors and whether it segregates with type 1 diabetes.
Methods Participants
Two cohorts of monozygotic (MZ) and dizygotic (DZ) twins discordant for type 1 diabetes were tested for TPOA to determine the relative influence of genetic and environmental factors. Initially, type 1 diabetes-discordant twin pairs were selected from the British Diabetic Twin Study [5] and a US twin cohort [4] . The basic characteristics of the twins are shown in Table 1 . These individuals fulfilled the following criteria: (1) twin pairs initially disease discordant; (2) both twins available for study; (3) neither twin receiving drugs other than human insulin; (4) all had normal plasma creatinine; and (5) diabetes initially excluded in the co-twin by OGTT and random whole-blood glucose <7.0 mmol/l. Monozygosity was established using both clinical data and DNA fingerprinting (data not shown) and type 1 diabetes was defined by standard criteria [9] .
UK twins Twin pairs were selected from the British Diabetic Twin Study and ascertained by referral through their physicians from 1971 to present. From this collection, we identified all twin pairs discordant for type 1 diabetes of similar age at diagnosis and disease duration at sampling. All participants gave informed consent, and the East London Health Authority Research Ethics Committee approved the study (reference 07/ Q0604/10).
US twins Twin pairs were selected from the US twin cohort of diabetes-discordant identical and non-identical twins. Twins were initially ascertained through the Joslin Diabetes Center , and subsequently through the Barbara Davis Center patient clinic, the Diabetes Prevention Trial, TrialNet and physician referrals . Affected twins and their unaffected co-twins were matched for age at TPOA testing. Samples were selected as drawn at or nearly at the same time for twins and co-twins and were restricted to those drawn before diabetes onset for the initially unaffected twin. Furthermore, affected MZ and DZ probands were matched by age, diabetes duration and sex. Informed consent was obtained from each study participant. The Colorado Multiple Institutional Review Board approved all study protocols.
TPOA assay
TPOAwere determined in both cohorts by radioimmunoassay, using the same assay system (RSR, Cardiff, UK; Kronus, Star, ID, USA), according to the manufacturer's instructions. All UK serum samples were stored at −20°C prior to analysis and assayed in a batched assay at Ulm University, Ulm, Germany, to avoid assay batch variations. The lower detection limit for TPOA was 0.03 U/ml and values >0.3 U/ml (=1.5 IU/ml [WHO international units]) were scored as positive, in accordance with the manufacturer's instructions. All TPOA data are expressed in WHO IU in this paper.
Analytical approach
As the distribution of TPOA could not be transformed to normal, it was categorised into four groups (ordinal values of 0, 1, 2 or 3) for analysis in both twin cohorts, with the highest category representing a level above the clinical cut-off of TPOA positivity (>1.5 IU/ml) ( Table 2) .
As twin pairs were discordant for diabetes, the design is that of a co-twin case-control study in which twins in a pair are matched for age, genes (for MZs completely, for DZs in part) and shared childhood environmental exposures. As such, we used conditional logistic regression to examine differences within MZ and DZ twin pairs in TPOA (i.e. disease effects) and age at testing after adjustment for sex in the DZ pairs only. Significantly higher TPOA in either the diabetic or the nondiabetic twins would imply a non-genetic origin, as we have previously observed for DAA [5] . Spearman's rank correlations (and logistic regression with sex as covariate) were used to examine associations of TPOA (and TPOA positivity) with age at diagnosis and disease duration in affected twins (MZ and DZ combined).
A liability-threshold model was used in all twin modelling of TPOA [10] . A normal liability distribution was assumed to underlie the ordered categories, with the three estimated thresholds (z values) explaining the proportions (counts) of each class. The thresholds were adjusted for age and sex. First, a so-called saturated model was fitted to: (1) estimate polychoric correlations within zygosity groups; (2) test whether thresholds could be set equal between twin pairs (twin 1 vs twin 2) and across zygosity groups (MZ vs DZ) by comparing a model in which these thresholds are freely estimated with models in which they are constrained to be equal across twin pairs (within zygosity groups) and across zygosity groups; and (3) estimate the age and sex effects on the thresholds. Second, we conducted quantitative genetic-model-fitting analysis to estimate the influence of genetic and environmental factors on TPOA [11] . In brief, we compared polychoric correlations calculated by the saturated model in MZ and DZ twin pairs and quantified sources of individual differences by separation of observed phenotypic variance into additive genetic (A), common (shared) environmental (C), dominant genetic (D) and unique (or non-shared) environmental (E) components. The full starting model was based on the pattern of correlations within zygosity groups: ACE if the DZ correlation was larger than half the MZ correlation and ADE if the DZ correlation was smaller than half the MZ correlation [12] . The significance of components A and C was assessed by testing deterioration in model fit after each component was dropped from the full model (ACE or ADE). Standard hierarchic χ 2 tests were used to select the best-fitting model in combination with Akaike's information criterion ([AIC] = χ 2 − 2df). Generally, the lowest AIC indicates the best balance of goodness-of-fit and parsimony.
First, model fitting was conducted separately within the UK and US cohorts. Subsequently, meta-analysis was conducted to test whether estimates of genetic and environmental factors could be set equal between the UK and US samples, by comparing the fit of the heterogeneity model (variance components estimated separately) with that of the homogeneity model (variance components set equal across the UK and US cohorts). That there was no significant difference between the fits of these two models indicated there were no cohort differences and the UK and US samples could be combined to estimate overall variance components.
Data handling and descriptive analyses were performed with SAS 9.3 software (SAS Institute, Cary, NC, USA). Twin model fitting was carried out with OpenMx 1.3.2 software (http://openmx.psyc.virginia.edu/).
Results
From the UK and US collections, we analysed TPOA in all initially type 1 diabetes-discordant twin pairs of similar age at sampling, testing both MZ pairs (UK 55 pairs, US 25 pairs) and DZ pairs (UK 32 pairs, US 25 pairs). Neither the UK nor the US MZ twins showed significant intra-pair differences in TPOA between diabetic and healthy twins, i.e. TPOA did not associate with type 1 diabetes (Table 1) . However, in the UK DZ group the difference for TPOA positivity did reach significance (p=0.03, without adjustment for multiple testing) ( Table 1 ).
In the affected twins, Spearman's rank correlations of TPOA with age at type 1 diabetes diagnosis (AD) and disease duration (DD) were 0.12 and 0.01 for the UK sample, and 0.26 and 0.20 for the US sample, respectively (for all p>0.05). In the logistic regression model with TPOA positivity as outcome variable and AD, DD and sex as independent variables, AD (but not DD) showed a significant effect (p= 0.01) in the UK cohort. This significant effect of AD (p<0.01) was confirmed in a model that combined the UK and US samples and added cohort as covariate.
Results from the saturated model showed that thresholds between twins and co-twins (p=0.74 within MZ and p=0.54 within DZ pairs) as well as zygosity groups (p=0.73) could be set equal for the US twins. The same was true for thresholds between twins and co-twins in the UK cohort (p=0.18 within MZ and p=0.06 within DZ pairs). However, thresholds between the UK zygosity groups could not be set equal (p<0.01) and were estimated separately in all further models. Sex effects on thresholds were significant in both the UK and US twins (p<0.01 for both). That is, females had a higher prevalence of TPOA positivity than males (UK: female 30%, male 16%; US: female 42%, male 5%). The effect of age was not significant in either the UK or the US twins.
The UK polychoric DZ correlation was not significantly different from zero and was less than half of the MZ correla- Separate model-fitting analysis in the UK and US twins was carried out first with adjustment of age and sex on thresholds to estimate the specific genetic and environmental variance components. Model fit characteristics, parameter estimates and 95% CIs of these models are presented in Table 3 . UK twins model fitting showed the C component could be dropped from the full ACE model without deterioration in fit (ACE vs AE Δχ In all models the thresholds were adjusted for effects of age and sex (−2LL, minus twice the log likelihood)
A and C components although the AE model showed the best fit based on the lowest ΔAIC. These bestfitting AE models showed heritability (95% CI) estimates of 0.63 (0.37, 0.80) for the UK twins and 0.80 (0.51, 0.92) for the US twins. To increase power and provide more stable variance components estimates we combined the UK and US samples in a meta-analysis. The homogeneity ACE model, in which all variance components were set equal between the UK and US data, was not significantly different from the heterogeneity model (p=0.66). This was also true for the AE model (p= 0.55). Thus, we could set the variance components of A, C, and E equal across the UK and US samples. The best-fitting model was the AE model with a heritability (95% CI) of 0.69 (0.50, 0.82) and E component (95% CI) of 0.31 (0.18, 0.50). No significant C component was found in the meta-analysis (Table 4 ). Next, we tested whether the upper threshold representing the clinical cut-off point for TPOA positivity (>1.50 IU/ml) was different between the UK and US samples by comparing a model in which these thresholds were freely estimated with a model in which they were constrained to be equal across US and UK samples. The upper threshold in the US twins could be set equal to the UK DZ twins (p=0.98), but not to the UK MZ twins (p=0.03) who showed a somewhat lower prevalence of TPOA positivity also reflected in slightly lower TPOA levels (Table 1) .
After a median (interquartile range [IQR]) follow-up time of 5.5 (0.6-19.5) and 0.75 (0-1.5) years for UK and US twins, respectively, 15 initially healthy MZ co-twins from the UK and two initially healthy MZ co-twins from the US developed type 1 diabetes. None of the healthy DZ co-twins developed type 1 diabetes. Of ten initially non-diabetic twins with at least two diabetes-associated autoantibody types, nine developed type 1 diabetes on follow-up. Sensitivity analyses excluding the 15 UK MZ pairs and two US MZ pairs who became concordant on follow-up yielded virtually identical results. With the exception of the UK DZ group, TPOA still did not associate with type 1 diabetes. AE models remained best-fitting for both UK and US samples. Variance components could be set equal between the UK and US data in the meta-analysis, with an overall heritability (95% CI) of 0.66 (0.44, 0.81).
Discussion
The current study tested the hypothesis that a stochastic (environmental) trigger is associated with a heightened susceptibility to develop thyroid autoimmunity. However, our hypothesis was rejected as, especially in the MZ pairs that have the most optimal matching, levels or frequency of TPOA were not higher in the type 1 diabetes twin. On the contrary, even in these disease-discordant pairs, TPOA levels showed twin correlations in the combined twin cohorts, translating into a heritability estimate of 69%. The results show that TPOA levels are substantially genetically determined, consistent with an inherited susceptibility to thyroid autoimmunity in type 1 diabetes.
Previous studies have estimated the heritability of TPOA, but not in the context of type 1 diabetes risk. One such study put TPOA heritability at 0.41 in Old Order Amish families in the US [13] . An early twin study carried out about 50 years ago in Scotland in a sample of 145 healthy pairs (68 MZ and 77 DZ pairs) reported concordance in thyroid 'microsomal' autoantibody positivity [14] . Using their published data we were able to calculate case-wise concordance values of 0.45 for MZ and 0.35 for DZ twins. Quantitative genetic liabilitythreshold modelling in OpenMx on the same data yielded tetrachoric twin correlations of 0.59 (95% CI 0.15, 0.86) for MZ and 0.52 (95% CI 0.02, 0.84) for DZ twins and a significant familial contribution (A+C) to the variance in the bestfitting model of 58%, which was very similar to our result. However, due to power limitations we could not determine from that study whether the familial contribution of 58% was most likely explained by additive genetic or common environmental factors. A more recent study in healthy twins from the Danish Twin Registry measured TPOA in 283 MZ and 403 DZ pairs and showed that genetic components accounted for 73% (95% CI 46%, 89%) of the liability of being thyroid-antibody positive. The covariate adjusted In all models the thresholds were adjusted for effects of age and sex (−2LL, minus twice the log likelihood) estimate for genetic influence on serum TPOA concentrations was 61% (49%, 70%) in males and 72% (64%, 79%) in females [15] . Our present study in type 1 diabetes disease-discordant twin pairs showed the AE model fitted best with an A component (i.e. additive genetic) proportion of 69%. Similar to the Danish twin study, the genetic effect on TPOA was most important, with no C component (i.e. shared environmental effect) found. The unexpected negative DZ correlation in our UK sample was likely due to small sample size fluctuation. This made it difficult to distinguish between A and D components in the UK cohort alone, prompting us to combine the US and UK studies in a meta-analysis of the 137 twin pairs to boost both sample size and power.
Our results in type 1 diabetes-discordant twin pairs showed a significant effect of sex on the distribution of TPOA, but no age effect. Both the Danish twin study [15] and a British twin study [16] found sex and age had highly significant influences on TPOA in healthy non-diabetic individuals. Similarly, the incidence of TPOA was higher in girls than in boys in a German cohort of offspring of type 1 diabetes patients [6] and a Belgian cohort of patients with type 1 diabetes [17] . The Belgian study found TPOA was not associated with age of type 1 diabetes onset, but was associated with type 1 diabetes disease duration [17] ; we found the converse in our affected twins. We anticipate that some of the children we studied here will develop TPOA at a later age. As autoimmune autoantibodies appear at different ages, our observations support the proposal that TPOA and type 1 diabetes have a distinct pathogeneses [7] .
This present study is the first twin study of thyroid autoimmunity in the context of type 1 diabetes. The study benefits from the comparative matching of the twin pairs and the use of type 1 diabetes-discordant twins to test a clear hypothesis, which was rejected. Importantly, the results were strengthened in sensitivity analyses that excluded those pairs that became concordant for type 1 diabetes on follow-up. Further, we used the same TPOA assay system in both twin cohorts. Limitations were the modest size of the cohorts and the initial analysis on the separate cohorts due to distinct methods of ascertainment, which limited the analytical power, and the lack of prolonged prospective analysis. However, we have previously shown how these UK and US cohorts behave similarly in terms of progression to type 1 diabetes [4] , so the differences are likely limited, as indeed were the estimates of heritability, while the meta-analysis demonstrated comparable heritability of TPOA to that in each cohort considered separately. Further, we did not estimate thyroglobulin autoantibodies or thyroid function as neither was relevant to the question we posed for TPOA [8] .
Given these caveats, we can conclude with some confidence that thyroid autoimmunity in the context of risk of autoimmune diabetes is substantially genetically determined, consistent with an inherited susceptibility to thyroid autoimmunity in families at risk for type 1 diabetes. By implication, it will be as important to screen relatives for TPOA as patients with type 1 diabetes. Moreover, autoimmune thyroid disease is genetically distinct from type 1 diabetes, though they share large regions of clustered or contiguous enhancer genes, e.g. a candidate causal gene in the interleukin-2 receptor superenhancer region is associated with type 1 diabetes but has no effect on autoimmune thyroiditis disease risk [18] . Importantly, from this present study the environmental component contributing to thyroid autoimmunity also appears to be distinct from that leading to type 1 diabetes [5] .
